for the FINNRESUSCI Investigators* Background--The kynurenine pathway (KP) is the major route of tryptophan (TRP) catabolism and is activated by inflammation and after cardiac arrest in animals. We hypothesized that the KP activation level correlates with severity of post-cardiac arrest shock, early death, and long-term outcome.
cause vasodilatation. 5 Interestingly, KP activation has also been implicated in instances accounting for neurological injury (ie, stroke and cerebral dysfunction) in intensive care unit (ICU) patients and in adverse prognosis in patients with coronary artery disease. [6] [7] [8] Downstream metabolites of KP include kynurenic acid (KYNA) and 3-hydroxyanthranilic acid (3-HAA) [9] [10] [11] ; the former has neuroprotective properties, whereas the latter has been associated with neurological damage and apoptosis of neurons. 11, 12 Thus, these 2 KP metabolites have been implicated in the pathogenesis of evolving neurological injury after an ischemic insult. 6 In a study including both small and large animal models of CA and cardiopulmonary resuscitation, we recently demonstrated the early activation of the KP after successful resuscitation. 13 In the present observational cohort study, we examined the KP in a large population of patients resuscitated from out-of-hospital CA. We hypothesized that the KP is activated after CA and that high levels of activation at ICU admission are associated with severity of post-CA hypotension, early death, and poor 12-month neurological outcome.
Methods Patients
Patients included in the present study were part of the Epidemiology and Cost-effectiveness of Out-Of-Hospital Cardiac Arrest in Finland (FINNRESUSCI) study, which was a prospective observational cohort study conducted at 21 hospitals in Finland between March 1, 2010, and February 28, 2011. 14 The study was approved by the ethics committee of each participating hospital. Informed consent from the patients' next of kin was obtained for data collection and blood sampling. For this study, we included patients with both shockable and nonshockable initial rhythms in whom blood samples were obtained at ICU admission. Blood was also drawn from 10 healthy volunteers matched for age and sex with the study population.
Blood Samples
Blood samples were collected into EDTA tubes and centrifuged, and plasma was stored at À70°C. At analysis, samples were thawed and divided into aliquots. Plasma levels of TRP and its metabolites, KYN, KYNA, and 3-HAA, were measured blinded to case identity using high-performance liquid chromatography coupled with mass spectrometry. We used blood samples from healthy subjects to serve as controls. Briefly, human plasma samples (100 lL) were mixed with 10 lL of internal standard (5-HTRP, 1 ng/lL or deuterated metabolites [TRP-d5, 12 ng/lL; KYNA-d4, 0.4 ng/lL; KYNA-d5, 0.012 ng/lL; 3-HAA-d2, 0.012 ng/lL], final concentrations) that was deproteinized by adding 400 lL of cold methanol and incubated for 1 hour at À20°C. After centrifugation for 10 minutes at 14 000g, the supernatants were collected and centrifuged again. Supernatants were dried under nitrogen flow; residues were dissolved in 100 lL of 1% acetonitrile in 0.1% formic acid and transferred to an autosampler vial insert, and 40 lL of supernatant was injected directly in the highperformance liquid chromatography system (Alliance separations module 2695; Waters Corp). The chromatographic separation was obtained with an Accucore PFP column (15092.1 mm, 2.6-lm particle size; Thermo-Scientific) at a flow rate of 0.2 mL/min. Elution started with 99% of mobile phase A (0.1% formic acid in water) and 1% mobile phase B (100% acetonitrile) for 2 minutes, followed by an 18-minute linear gradient to 50% of phase A, a 1-minute linear gradient to 30% of phase A, and a 1-minute linear gradient to 99% of phase A, which was maintained for 12 minutes to equilibrate the column. The total run time was 35 minutes. The mass spectrometric analysis was performed using a Micromass Quattro Micro API triple-quadrupole (Waters Corp) in positive ion mode and multiple-reaction monitoring mode, measuring the fragmentation products of the deprotonated pseudomolecular ions. The choice of fragmentation products for all compounds and the optimization of collision-induced dissociation energies were done in continuous-flow mode using standard solutions at concentrations of 10 ng/lL for all compounds. Data were processed with the MassLynx software (Waters Corp). Plasma concentrations of TRP and KP metabolites were quantified by reference to 5-point calibration curves that were always run in parallel and that were linear over the used concentration ranges (15 to 118 lmol/L for TRP, 0.4 to 3.8 lmol/L for KYN, 16 to 127 nmol/L for KYNA, and 20 to 157 nmol/L for 3-HAA). The r 2 values were always >0.95. The limit of detection (ie, 3 times the background) was 1 nmol/L for TRP, KYN, and KYNA and 10 nmol/L for 3-HAA. The quality of analytical results was checked by assaying quality-control samples, which were always within 20% error. Plasma concentrations of TRP and KYN were expressed in micromolar, and KYNA and 3-HAA were expressed in nanomolar. Plasma levels of C-reactive protein were measured using the latex immunoassay CRP Vario -high-sensitivity method with the Ci16200 Architect instrument (Abbott Diagnostics, USA).
Data Collection
The participating hospitals were part of the Finnish Intensive Care Consortium, and 20 of 21 ICUs used the same electronic data management system and data validation software (Web Validator; Tieto Corp). Data from study patients were collected prospectively using an Internet-based case report form. Prehospital data were collected by the paramedics in accordance with the Utstein Style guidelines and included whether or not the arrest was witnessed, the administration of bystander-initiated life support, the time from call to the dispatch center to return of spontaneous circulation (ROSC), and the use of adrenaline. 15 In-hospital care data were collected electronically and comprised the Simplified Acute Physiology Score II score and ICU and hospital mortality. For the present trial, we used Simplified Acute Physiology Score II score-derived systolic blood pressure and bicarbonate to define the severity of post-CA shock. 16 The increase in the discriminative value of each KP metabolite for ICU mortality and long-term outcome was assessed by the category-free Net Reclassification Index. 17 All statistical analyses were performed with SAS software, version 9.2 (SAS Institute).
Survival and 12-Month Neurological Outcome

Results
The FINNRESUSCI study included 548 patients. 14 Among these, informed consent for blood sampling at ICU admission was obtained for 245 patients, and all were included in the study. Differences between these 245 patients and the 303 not included because of the absence of the blood sample and/or consent are reported in Table 1 . Of the 245 patients included in the study, 198 (81%) survived to ICU discharge, 144 (59%) survived to hospital discharge, and 124 (51%) were alive at 12 months. Of the 124 patients who survived to 12 months, 116 (94% of survivors and 47% of the total 245 resuscitated patients) had a favorable neurological outcome (Pittsburgh Cerebral Performance Category 1 or 2) at 12 months. Among the 245 patients, 156 (64%) had a CA with an initial shockable rhythm, whereas 88 (36%) were nonshockable (data on initial rhythm was missed for 1 patient). Among the shockable CA patients, 140 (90%) survived to ICU discharge and 93 (60%) had a good 12-month neurological outcome. Among the nonshockable CA patients, 58 (66%) survived to ICU discharge and 23 (26%) had a good 12-month neurological outcome. Baseline characteristics and factors influencing ICU survival and 12-month outcome are shown in Table 2 . Prehospital factors univariately associated with higher likelihood of ICU survival and 12-month outcome were younger age, a shockable initial rhythm, witnessed CA, no use of adrenaline, and a shorter time to ROSC (Table 2) .
KP Metabolites and Factors Related to Resuscitation
The median levels of TRP and KP metabolites in the 10 healthy volunteers were comparable to those in the literature (TRP: 18.1 to 27.8]). 6, 18 There were no differences in the basic characteristics between the healthy volunteers and the resuscitated patients (Table 3) . TRP was significantly lower and the ratio of KYN to TRP was significantly higher in all resuscitated patients compared with healthy volunteers. When patients who did not survive to ICU discharge were considered, all KP metabolites and the ratio of KYN to TRP were significantly higher compared with healthy volunteers (Table 3) . At ICU admission, the levels of KYN, KYN to TRP, and KYNA were higher in older patients (Table 4 ). All KP metabolites were also significantly higher, except for TRP and KYNA, which were significantly lower, in patients with an initial nonshockable rhythm compared with those with a shockable rhythm (Table 4) . Longer time to ROSC accounted for significantly higher levels of KYNA and 3-HAA (Table 4) . By linear regression models, presence of a shockable rhythm and use of adrenaline were the main independent predictors of levels of KP metabolites, as detailed in Table 5 .
On average, plasma C-reactive protein levels were 2. 
Correlations Between KP Metabolites and Severity of Shock
Levels of all KP metabolites and KYN to TRP at ICU admission were significantly higher in patients who had lower systolic blood pressure and lower levels of bicarbonate during the subsequent 24 hours after ROSC (Table 4) .
KP Metabolites at ICU Admission and Outcome
All KP metabolites except TRP correlated with ICU death ( Figure 1 ) and with 12-month death and neurological outcome ( Figure 2 and Table 4 ). Levels of all KP metabolites and the ratio of KYN to TRP were significantly higher in patients who died compared with those who survived (Figures 1 and 2 ) and in patients with poor outcomes at 12 months compared with those with good outcomes ( We developed multivariable models for the prediction of ICU mortality and 12-month poor outcome. The clinical (basic) model for prediction of ICU death included the initial CA rhythm (shockable or nonshockable), time to ROSC, use of adrenaline, and whether or not therapeutic hypothermia was applied ( Table 2) . Each of the KP metabolites and the ratio of KYN to TRP, but not TRP, were independently associated with ICU death when added to the basic model ( Table 6 ). The addition of each KP metabolite to the basic model improved the prognostic discrimination for ICU death, significantly increasing the area under the receiver operating characteristic curve, and reclassification, estimated by category-free net reclassification index. Comparison between the areas under the curve of the basic model and those of the incremental models are reported in Table 7 , together with the categoryfree net reclassification index for each KP metabolite.
The basic model for prediction of poor outcome at 12 months included age, whether or not the CA was witnessed, the initial CA rhythm (shockable or nonshockable), time to ROSC, and use of adrenaline (Table 2) . When added to the basic model, only KYNA and 3-HAA were associated with poor outcome at 12 months (Table 6 ). The incremental models with the addition of KYNA or 3-HAA significantly improved reclassification for prediction of 12-month poor outcome (Table 7) .
Discussion
The present study showed that the KP is activated early after resuscitation from out-of-hospital CA. Patients who died before ICU discharge exhibited significantly higher levels of KP metabolites at ICU admission compared with those who survived. All KP metabolite levels predicted ICU death after resuscitation, whereas KYNA and 3-HAA were associated with 12-month poor neurological outcome. KP activation was higher in patients resuscitated from a nonshockable CA compared with those resuscitated from a shockable CA. In our population, TRP was significantly lower and ratio of KYN to TRP was significantly higher in all resuscitated patients compared with the 10 healthy volunteers. Of interest is the observation that levels of KYN, KYNA, and 3-HAA in our healthy volunteers were not significantly different from those of ICU survivors, although they were significantly lower compared with patients who failed to survive to ICU discharge. These results are further evidence that early KP activation, expressed by the ratio of KYN to TRP, is always present after resuscitation from CA compared with healthy volunteers. Nevertheless, KP metabolites KYN, KYNA, and 3-HAA were markedly increased in the instance of poor outcome, supporting the specific prognostic role of KP.
KP is a major pathway of the catabolism of the essential amino acid TRP and is activated during inflammation and tissue injury. On inflammatory stimulation, the enzyme indoleamine 2,3-dioxygenase is induced, and the consequent KP activation results in degradation of TRP into KYN. 9, 19 A systemic inflammatory and immune response is observed after CA, and the magnitude of the inflammatory response correlates with the severity of post-CA circulatory shock and, ultimately, with outcome. 4 The inflammatory response is commonly observed after resuscitation from CA and seems to be related to the duration of ischemia. 4 Adrie and colleagues 4 showed that the magnitude of such post-CA inflammatory response is similar to that observed in severe sepsis and correlates with lactate levels. In their study, however, the levels of various pro-inflammatory cytokines were not independent predictors of survival. The ratio of KYN to TRP is regarded as an indicator of indoleamine 2,3-dioxygenase activity and has been shown to predict death and severity of shock in bacteremic patients. 18, 19 Huttunen et al reported similar levels of TRP but higher levels of KYN and KYN to TRP in patients with fatal bacteremia. 20 Earlier studies have also reported that elevated concentrations of C-reactive protein or other inflammatory mediators (eg, procalcitonin) correlated with patients' clinical states and with prediction of survival. 21, 22 Circulating concentrations of these biomarkers, however, rise slowly, achieving values predictive of outcome after 12 to 24 hours following resuscitation. In the current study, patients exhibiting high KP activation at ICU admission subsequently had more severe shock and were more likely to die in the ICU. Accordingly, all KP metabolites were independent predictors of early death. More important, KYNA and 3-HAA seem to have the potential to further predict long-term neurological outcome after CA. At ICU admission, plasma levels of C-reactive protein were still low and thus were not predictive of outcome. The KP can be activated in the periphery as well as in the nervous system. Peripheral KYN readily crosses the bloodbrain barrier and is taken up by glial cells. 23 In the central nervous system further metabolism is segregated and under physiologic conditions; after the influx of KYN into the brain, equal amounts of KYNA and 3-HAA are produced. 24 These downstream metabolites, KYNA and 3-HAA, have been proposed as important modulators of neurologic injury. 6 Indeed, 3-HAA exerts neurotoxic actions by inducing both cerebral oxidative stress and excitotoxicity through activation of N-methyl-D-aspartate receptors, whereas KYNA has neuroprotective properties related to its activity as an N-methyl-D-aspartate antagonist. 25 In patients with stroke, KP activation has been shown to correlate with stroke severity and cerebral infarct size. 6 Brouns showed that the ratio of KYN to TRP on hospital admission correlated with poor functional outcome at 3 months. 26 In the present study, the ratio of KYN to TRP was higher in patients with a poor outcome at 12 months, and the absolute levels were comparable to those reported by Brouns and Darlington (ie, between 0.04 and 0.09). 6, 26 Interestingly, in our study, both KYNA and 3-HAA increased similarly, and their increases were more significant in the instances of longer duration of CA and, thereby, greater ischemic insult. Although KYNA generation might represent a protective adaptive response to overcome the neurotoxic effects resulting from 3-HAA, 25 the ratio of KYNA to 3-HAA was not significantly different in patients who survived compared with those who died and did not correlate with outcomes (data not shown). Accordingly, relationships between KYNA and 3-HAA and between KYNA and neuroprotection still are not fully understood. Patients resuscitated from nonshockable CA showed greater activation of the KP, having significantly higher levels of all KP metabolites but lower neuroprotective KYNA compared with patients resuscitated from shockable CA.
In sepsis, high KP activity is associated with the severity of shock and with a vasopressor requirement. 5 Level of KP activation, expressed as the ratio of KYN to TRP, in our study was comparable to KP activation in septic patients with a fairly low requirement for inotropes. Inotrope requirement during post-CA syndrome care is generally fairly low, and high requirement correlates with poor outcome. 27 In contrast, in stroke patients, it is intriguing that hypotension is uncommon despite high activation of the KP. 28 This finding contrasts with the hypothesis that activation of the KP per se causes vasodilatory shock and hypotension. We cannot define whether KP activation after CA is an epiphenomenon or a causative pathway involved in postresuscitation severe hypotension and, ultimately, in outcome. Nevertheless, additional evidence of the involvement of the KP in cardiovascular pathology has been reported recently in 3224 patients suffering from stable coronary artery disease. 8 In these patients, KP activation was a strong predictor of occurrence of major coronary events, acute myocardial infarction, and cardiovascular mortality. 8 The interplay among shock, neurological damage, and systemic inflammation seems to be complex, and further studies should examine where organspecific activation of the KP occurs. We limited our study to patients with blood samples, who represented approximately half of the whole data set of the FINNRESUSCI study.
14 Some differences existed between the 245 patients included in the study and the 303 not included, and patients with blood samples were somewhat less severely ill than those without blood samples. Nevertheless, early KP activation was consistently observed after resuscitation in patients who presented poor early and long-term outcome. The strengths of this study include the sample size, which makes it one of the largest biohumoral studies in out-ofhospital CA; the prospective acquisition of clinical data; and the determination of outcome performed prospectively by a qualified independent assessor.
In conclusion, higher levels of KP metabolites at ICU admission are associated with hypotension during the first 24 hours after resuscitation and with ICU death in out-ofhospital CA patients. In addition, KYNA and 3-HAA independently predict poor 12-month neurological outcome. Further studies may elucidate whether the KP contributes to post-CA syndrome and whether it may be amenable to targeted therapeutic interventions.
